We report how the superconducting phase forms in pseudo-single-crystal K x Fe 2−y Se 2 . In situ scanning electron microscopy (SEM) observation reveals that, as an order-disorder transition occurs, on cooling, most of the high-temperature iron-vacancy-disordered phase gradually changes into the iron-vacancy-ordered phase, whereas a small quantity of the high-temperature phase retains its structure and aggregates to the stripes with more iron concentration but less potassium concentration compared to the iron-vacancy-ordered phase. The stripes that are generally recognized as the superconducting phase are actually formed as a remnant of the high-temperature phase with a compositional change after an "imperfect" order-disorder transition. It should be emphasized that the phase separation in pseudo-single-crystal K x Fe 2−y Se 2 is caused by the iron-vacancy order-disorder transition. The shrinkage of the high-temperature phase and the expansion of the newly created iron-vacancy-ordered phase during the phase separation rule out the mechanism of spinodal decomposition proposed in an early report [Z. Wang et al., Phys. Rev. B 91, 064513 (2015)]. Since the formation of the superconducting phase relies on the occurrence of the iron-vacancy order-disorder transition, it is impossible to synthesize a pure superconducting phase by a conventional solid state reaction or melt growth. By focused ion beam scanning electron microscopy, we further demonstrate that the superconducting phase forms a contiguous three-dimensional architecture composed of parallelepipeds that have a coherent orientation relationship with the iron-vacancy-ordered phase.
I. INTRODUCTION
In contrast to other iron-based superconductors, K x Fe 2−y Se 2 superconductors [1] are characteristic of the coexistence of two spatially separated phases, as revealed by x-ray diffraction [2] , transmission electron microscopy (TEM) [3] , and scanning electron microscopy (SEM) [4, 5] . The physical properties, phase relations, and iron-vacancy order-disorder transitions in A x Fe 2−y Se 2 compounds (A = alkali elements and Tl) have been intensively studied [6, 7] . No hole pockets were observed near the Brillouin zone center in the angleresolved photoemission spectroscopy studies [8, 9] , which also distinguishes K x Fe 2−y Se 2 superconductors from other iron-based superconductors. A different pairing symmetry, either d wave [10] or s wave [11] , seems to be responsible for the superconductivity in the compounds.
Despite extensive investigations on K x Fe 2−y Se 2 , the formation mechanism of the superconducting phase in phaseseparated K x Fe 2−y Se 2 superconductors remains unclear. This is critical to the question of whether or not the pure superconducting phase can be synthesized. The superconducting phase was suggested to precipitate from a homogeneous solid solution during the phase separation, i.e., ubiquitous precipitation and growth with decreasing temperature across the tie line in the phase space [5] . The phase separation in K x Fe 2−y Se 2 had been ascribed to spinodal decomposition * Corresponding author: yliu@ameslab.gov later [12] . According to the theory of spinodal decomposition [13, 14] , the high-temperature iron-vacancy-disordered phase will spontaneously decompose into a superconducting phase and iron-vacancy-ordered phase below the phase separation temperature. If spinodal decomposition does occur in the phase-separated K x Fe 2−y Se 2 , however, one still can synthesize the pure superconducting phase and the iron-vacancy-ordered phase by adjusting the starting materials out of the miscibility gap between the two phases. By quenching the polycrystalline K 2−x Fe 4+y Se 5 samples in ice water, it was found that the iron-vacancy-ordered phase was absent in the samples by x-ray diffraction analysis [15] . The superconductivity in the quenched polycrystalline samples was suggested to result from the frozen iron-vacancy-disordered phase [15] . Because the quenching treatment is important to enhance the shielding fraction in magnetization measurements [5] , an interesting question arises from whether one can get a bulk superconductor if the high-temperature iron-vacancy-disordered state can be frozen by rapid quenching. In order to gain a better understanding of the previous divergent results, we reexamine the mechanism of the phase separation in single-crystal K x Fe 2−y Se 2 .
In this paper, SEM images are recorded with varying temperatures to trace the morphology evolution during the iron-vacancy order-disorder transition in single-crystal K x Fe 2−y Se 2 . We would like to point out that the accurate term "pseudo single crystal" should replace the widely used "single crystal" since the two phases coexist in the sample. Remarkably, neither normal precipitation nor spinodal decomposition catches the essence of the phase separation in the pseudo-single-crystal K x Fe 2−y Se 2 . During the phase separation, the superconducting phase forms as a remnant of the high-temperature phase while most of the high-temperature phase, nearly 90%, is transformed into the iron-vacancy-ordered phase. In an early report by Wang et al., a model of a hollow truncated octahedron in terms of Archimedean solids for the three-dimensional (3D) microstructure in K x Fe 2−y Se 2 was conjectured, based on the SEM images obtained in the (001), (110), and (100) surfaces [12] . Having a true 3D structure, however, it is a different matter, and is definitive and newsworthy. By focused ion beam scanning electron microscopy (FIB-SEM), we find that the true 3D microstructure in the pseudo-single-crystal K x Fe 2−y Se 2 is different from the model constructed by the SEM images taken from a few different cross sections. The 3D microstructure of the superconducting phase can be more precisely described as incomplete hollow hexahedra.
II. EXPERIMENTAL DETAILS
The pseudo-single-crystal K x Fe 2−y Se 2 were synthesized with excessive iron additions (z = 0, 0.2, and 0.6) in the starting materials K 0.8 Fe 2+z Se 2 . The crystal growth was performed in a vertical tube furnace at a rate of 6°C/h cooling down from 1030 to 780°C [5] .
The in situ SEM observations were completed on an FEI Quanta-250 scanning electron microscope using backscattered electrons (BSEs). The SEM images were further processed with Photoshop for contrast enhancement: The empty intensity space was removed by level adjustment and the images were Gaussian blurred by 0.5-1 pixels. The contrast analysis on the original images was performed with Gatan DigitalMicrograph.
The image series for 3D tomography was produced by FIB-SEM using the Carl Zeiss Crossbeam 540 system. The data were reconstructed by use of ORS Visual Advanced SI 3D Visualization software. The Crossbeam 540 is fitted with a NordlysNano electron backscatter diffraction (EBSD) camera from Oxford Instruments. EBSD was performed on both the (001) and (100) planes of the superconducting phase, before collecting images for 3D reconstruction of some volumes. The orientation relationship of the two phases was determined based on the Euler angles of each phase. The crystallographic planes and directions of the parallelepipeds were determined by a trace analysis.
III. RESULTS AND DISCUSSION
An in situ SEM observation during a heating-cooling cycle was performed in the (001) surface of pseudo-single-crystal K x Fe 2−y Se 2 , as shown in Fig. 1 . At room temperature, the minority phase appears bright and forms modulated arrays composed of short, isolated stripes. The stripe pattern varies under different heat treatment conditions. The pseudo-singlecrystal K x Fe 2−y Se 2 quenched above the iron-vacancy orderdisorder transition temperature T s have a contiguous network throughout the matrix, whereas furnace-cooling obtained crystals have isolated long and thick stripes [5] . The usage of as-grown crystals and those obtained by quenching treatment yield the same results of the evolution of surface morphology with varying temperatures. With increasing temperature, the stripes coarsen while maintaining their edge and array directions. We see that the area with bright contrast increases and isolated stripes spread and merge into larger ones. The temperature dependence of the surface morphology clearly reveals that the bright phase increases its fraction at the expense of the matrix. Above 305°C, the contrast between the two phases completely disappears, which implies that the two phases form a homogeneous solid solution, a single phase above T s [5, 12] . Upon cooling, the SEM images show a visible contrast at 290°C. The dark area increases further while the bright area shrinks and forms a checkerboard pattern at 280°C. Finally, the bright area aggregates into disconnected stripes. No further microstructure change is observed below 200°C. The contrast between the bright phases and dark phase becomes small with increasing temperature and gets sharp when the temperature decreases. Compared with the initial state before heating, the minority phase at 200°C on cooling appears smaller than it did initially and shows a different spatial distribution, but retains the same edge and array directions. This indicates there is a strong orientation relationship between the two low-temperature phases. The phase changes are only dependent on temperatures and do not proceed over time at a given temperature.
The composition change during the heating and cooling process was simultaneously analyzed by energy dispersive spectroscopy (EDS). As the iron-vacancy ordering is involved in the phase formations, the emphasis is placed on the Fe 064509-2 concentration. The superconducting phase is inclined relative to the electron beam direction (see the 3D reconstruction data in this work). To ensure an accurate composition determination, it is necessary to keep the excitation volume and escaping paths of the characteristic x rays of Fe within the same material for accurate matrix correction, particularly for the superconducting phase. An accelerating voltage of 8-10 kV was used in this study [16] . The compositions of the stripes and the matrix are listed in Table I . Note that an accelerating voltage of 15 kV yields a slightly lower iron content in the superconducting phase, which is because the x-ray excitation volume includes both phases. Upon heating, the potassium content increases whereas the iron content decreases in the bright stripes (see Table I ). On cooling, the opposite tendency is observed in the bright stripes, where the potassium content decreases whereas the iron content increases. The compositions of both phases stay unchanged after a heating-cooling cycle. After the two phases are merged together on heating, there is no compositional difference between the regions that were initially different phases.
To discuss the microstructure evolution with temperature as observed by SEM, it is necessary to summarize the previous structure investigations on the iron-vacancy order-disorder transition in A x Fe 2−y Se 2 compounds (A = alkali elements and Tl) [17] [18] [19] [20] [21] . Above T s , K x Fe 2−y Se 2 has a ThCr 2 Si 2 -type tetragonal structure with I4/mmm space group, as shown in Fig. 2(a) . As the iron-vacancy order-disorder transition occurs at a lower temperature, most of the high-temperature phase becomes an iron-vacancy-ordered phase, i.e., the matrix phase in Fig. 1. Figure 2(b) shows the unit cell of this vacancy-ordered phase, which corresponds to a √ 5 × √ 5 × 1 superstructure of the original ThCr 2 Si 2 structure [17] [18] [19] [20] [21] . The stripes correspond to the superconducting phase. There is no conclusive knowledge on the crystal structure and composition of the superconducting phase because no pure phase has been synthesized. Early scanning tunneling microscope (STM) measurements reported that the superconducting phase is characteristic of a complete FeSe layer and is close to the ideal ThCr 2 Si 2 structure [22, 23] . However, another STM work suggested that the superconducting phase consists of a single Fe vacancy for every eight Fe sites arranged in an √ 8 × √ 10 parallelogram structure [24] . We also notice that transmission electron microscopy (TEM) measurements found at least three different Fe-vacancy orders in the FeSe system [25] . It was already reported that the superconducting phase may have a potassium-vacancy-ordered √ 2 × √ 2 superstructure [17, 26] . Interestingly, the superconducting phase seems to be mediated by an interface phase, which protects metallic percolative paths in K x Fe 2−y Se 2 superconductors [27] .
It is noted that the EBSD pattern from the stripes is identical to that from the matrix (see the Supplemental Materials for details [28] ). Therefore, EBSD could not distinguish these two phases. However, this result strongly suggests that the two phases are in very similar crystallographic symmetry groups. For this reason, the √ 5 × √ 5 × 1 superstructure and ThCr 2 Si 2 structure are taken for the iron-vacancy-ordered phase and the superconducting phase, respectively. EBSD shows that the two phases share the same direction of the c axis. For the iron-vacancy-ordered phase with a
superstructure, the a/b axes rotate 26.6°from the a/b axes of the superconducting phase with a ThCr 2 Si 2 structure [see Fig. 2(c) ]. Most importantly, if we choose the unit cell based on the ThCr 2 Si 2 structure for both phases without following the unit cell standardization requirements of a smallest volume with highest symmetry, the two phases also share the same directions in the a and b axes, respectively, with the ion-vacancy-ordered phase having a unit cell larger than the √ 5 × √ 5 × 1 superstructure. In the following discussion, Miller indices and crystal directions will refer to the minority phase with the ThCr 2 Si 2 structure.
By knowing the crystal structures and crystallographic orientation relationship between the matrix and stripes in pseudo-single-crystal K x Fe 2−y Se 2 , we continue our discussion on the mechanism of the phase separation as revealed in Fig. 1 . As can be seen in Fig. 1 , the bright phase/superconducting phase increases its volume fraction upon heating but shrinks upon cooling during the iron-vacancy order-disorder transition. The change in the superconducting phase reflects how the iron-vacancy order-disorder transition proceeds in a real time manner. With decreasing temperature, the high-temperature iron-vacancy-disordered phase changes into an iron-vacancyordered phase with a composition of K 0.8 Fe 1.6 Se 2 . It should be pointed out that pseudo-single-crystal K x Fe 2−y Se 2 can host a small amount of iron impurity atoms (1.6 < 2 − y < 1.8) during the crystal growth [5] . A small amount of excess iron is essential to synthesize the pseudo-single-crystal K x Fe 2−y Se 2 with the two separated phases. The excess iron atoms are expelled from the iron-vacancy-ordered phase and aggregate into the superconducting phase, which retains the structure above T s . On heating, the iron-vacancy-ordered matrix changes into an iron-vacancy-disordered state when the temperature is above T s . Meanwhile, excess iron atoms from the stripes diffuse into the dark matrix phase with a lower iron content. The phase changes described above are supported by the EDS results at various temperatures and are also reflected in the changes in the BSE image contrast with temperature, as shown in Fig. 1 . Therefore, the phase separation is a diffusion-controlled continuous ordering process. The stripes are a remnant of the high-temperature parent phase after the iron-vacancy order-disorder transition.
Our in situ observation of the phase separation reveals that the formation of stripes persists nearly within a 100°C window. In the quenched K 2−x Fe 4+y Se 5 polycrystalline samples, it is possible that the high-temperature iron-vacancydisordered state can be frozen by quenching at 750
• C in the polycrystalline samples [15] . Such quenched polycrystalline samples without an iron-vacancy-ordered phase could be seen as a pure superconducting phase, where the iron-vacancy sites are identical with those occupied sites. The T c of the superconducting phase thus can be tuned by filling the iron vacancies by adding excess iron in the starting materials [15] . It should be pointed out that the quenching treatment only gives rise to a fine modulation of the stripe structure in pseudo-single-crystal K x Fe 2−y Se 2 [5] . The greatly enhanced shielding fraction in the magnetization measurement results from the contiguous network throughout the matrix by the Josephson effect or superconducting proximity effect while the volume fraction of the superconducting phase does not change after the heat treatment [5] . There is no evidence such as heat capacity data to prove the bulk superconductivity in the quenched polycrystalline samples. It is very likely that the granular superconductivity still dominates those samples, in which there exist too many iron vacancies in the crystal structure compared to the superconducting phase in the pseudo single crystal.
The phase separation induced by the order-disorder transition is consistent with the orientation relationship. The orientation relationship illustrated in Fig. 2(c) clearly shows only atomic ordering through atomic diffusion is needed for the phase separation. Our observations exclude the spinodal decomposition mechanism for the phase separation in pseudosingle-crystal K x Fe 2−y Se 2 as previously suggested [12] . The initial stage is crucial to judge whether the spinodal decomposition or normal nucleation and growth happened in the sample. If the spinodal decomposition really happens, the interface between the stripes and matrix should be initially very diffuse but sharpen gradually on cooling. Neither the shrinkage of the parent phase nor the expansion of the new phase can be observed during spinodal decomposition [13, 14] . On the other hand, spinodal decomposition shall proceed with time at the temperature below the spinodal point based on the characteristics of the phase diagram. In contrast, the current work shows the phase changes are only dependent on temperatures and do not change over time at a given temperature below T s .
The SEM images shown in Fig. 1 only provide the twodimensional (2D) spatial distribution of the stripes in a (001) plane of pseudo-single-crystal K x Fe 2−y Se 2 . The 3D spatial distribution of the stripes in the matrix was reconstructed through a series of SEM micrographs obtained by successively cross sectioning by FIB-SEM. It should be pointed out that the 3D microstructure of the stripes in Rb x Fe 2−y Se 2 single crystals had been reconstructed in a volume of 10 × 7.5 × 0.8 μm 3 by FIB-SEM [29] . It was found that the stripes consist of discontinuous plates aligned along the {113} habit planes in the Rb x Fe 2−y Se 2 single crystals [29] . In this study, volumes up to 16 × 10 × 10 μm 3 (16 × 10 μm 2 for the cross section and 10 μm along the slicing direction) were reconstructed. In contrast to the discontinuous plates observed in the Rb x Fe 2−y Se 2 samples, the stripes in the K x Fe 2−y Se 2 samples form a contiguous 3D architecture.
In Figs. 3(a) and 3(b), the screen shots display the typical features of a 3D microstructure (see more details in the Supplemental movies). As we observe along the c axis, the snapshots exhibit a square-bowl-like structure. The stripes lie within the four tilted planes of the square bowl. As the K x Fe 2−y Se 2 single crystals were cleaved along the ab plane, we actually observed the network that corresponds to the cross section of the superconducting phase that is elongated in the 3D structure. When we observe along the a or b axis, the microstructure shows a parallelogram shape. The 3D architecture is composed of interlacing branches of the stripes. Consistent with what is observed along the c axis, the stripes do lie in different planes. In each plane, the stripes orient nearly parallel to each other. The stripes have a length of several micrometers in this plane. Then, the stripes twist, bend, furcate, and grow into their adjacent planes. Indirect measurements such as NMR [30] , muon spin rotation (μSR) [31] , and Mössbauer [32, 33] spectroscopy have revealed that nearly 90% of the sample volumes exhibit large-moment antiferromagnetic (AFM) order, while 10% of the sample volumes remain paramagnetic (PM) and are attributed to a metallic/superconducting phase in single-crystal A x Fe 2−y Se 2 . In this study, we directly obtain that the volume fraction of the superconducting phase is between 10.2% and 11.5%, which matches well the previous results.
Our direct observation reveals that the stripes observed in 2D actually wrap the matrix and are parallelepipeds. There are two parameters for an orientation relationship in the 3D microstructure of pseudo-single-crystal K x Fe 2−y Se 2 , i.e., the growth habit plane of the superconducting phase and directions of the stripes. Speller et al. have pointed out that the superconducting phase forms with {113} habit planes [4, 29] . According to EBSD and 3D reconstruction results, the superconducting phase appears as parallelepipeds with two side surfaces parallel to two {113} planes and the longitude direction parallel to the 301 direction, which is the interception line of the two {113} planes, as illustrated in Fig. 4 . In addition, the parallelepipeds lie in a {113} plane, change their directions within the {113} plane, branch, and bend into another {113} plane. The overall 3D arrangement of the parallelepipeds appears to form incomplete hollow hexahedra, rather than hollow truncated octahedral Archimedean solids as speculated from 2D images [12] .
IV. CONCLUSIONS
In summary, we have shown that the formation of the superconducting phase is driven by the iron-vacancy orderdisorder transition in pseudo-single-crystal K x Fe 2−y Se 2 . The superconducting phase is a remnant of the high-temperature phase with compositional changes. It is difficult to obtain the superconducting phase without the occurrence of the ironvacancy order-disorder transition. Our results strongly suggest that it is impossible to synthesize the pure superconducting phase by a conventional solid state reaction or flux growth. We have provided complete pictures of the 3D morphology and crystallographic characteristics of the superconducting phase and of the orientation relationship between the two phases. The superconducting phase forms a contiguous 3D architecture with incomplete parallelepipeds of {113} side planes and elongates along the 301 directions. The two phases share the same c-axis direction and have a rotation of 26.6°relative to each other. Clarification of the 3D morphology and the crystallographic orientation relationship between the two phases should make a solid foundation for a future theoretical modeling. 
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